1 Introduction 4-D seismic techniques rely on measuring changes in velocity over time in order to detect changes during activities such as C O 2 flooding and storage in a reservoir. Wang et al. [1998] detail a laboratory study of the seismic detectability of C O 2 flooding in a series of carbonate reservoir rocks taken from the McElroy field, West Texas. The basic findings of the paper suggest that while " . . . laboratory results show that the largest V P and V S changes caused by C O 2 injection are associated with high-porosity, high-permeability rocks, . . . " velocity changes in low-porosity ( < 10%) and low-permeability carbonates are less than 1% and are undetectable using traditional 4-D seismic techniques.
In comparison to simple monitoring of V p and V s , Amplitude Versus Offset (AVO) techniques exploit changes in seismic wave amplitude as a function of incidence angle in order to detect changes in reservoir fluid content. More specifically, AVO measures the seismic energy reflected from a target reservoir, and represents the contrast in acoustic impedance between the target and the overburden. As such, AVO should be more sensitive to changes in reservoir fluid than traditional 4-D seismic because it incorporates both V P and V S , rather than just V P [Castagna et al., 1985] .
For isotropic, homogeneous, horizontal media, the AVO method involves measuring the p-wave reflection coefficient R pp as a function of the p-wave incidence angle is q. This represents a curve which can be approximated graphically as (e.g., Mavko et al. [2003] ):
where A is the p-wave reflection coefficient at zero incidence angle, B describes the small angle behavior ( < 30%), and C dominates at large angles. The p-wave reflection coefficient indicates the contrast in elastic properties across an interface between rock formations and it is therefore strongly influenced by both the rock matrix and the pore fluid properties.
2 Method: A Workflow for Prediction of AVO Response
Given that the AVO method should be sensitive to changes occurring during C O 2 flooding, we proposed the following workflow for the description, characterization, and analysis of this problem under arbitrary geologic conditions [Brown et al., 2007a, b] :
(A) Geophysical Observation and Interpretation. First describe the geometry of the rocks within the region of interest with the aid of drill core, well logs, or other geophysical tomography data.
(B) Assign Local Physical Properties. The petrophysical properties of each rock element within the structure must be determined by combining geophysical inversion, rock core testing, and references to databases.
(C) Fluid Substitution. The petrophysical properties of the rocks are used to simulate the pore fluid saturation state after an increment of C O 2 injection. Given a reference state and a new saturation condition, established fluid substitution procedures can be used to predict the resulting new spatial distribution of elastic wave velocities.
(D) Upscaling. The heterogeneous distribution of seismic velocities resulting from the fluid substitution procedure must be simplified through a process of upscaling to provide a description at the length scales to which field seismic data measurement responds.
(E) AVO Calculation. Finally, with an appropriately simple velocity structure describing the cap rock and the reservoir, the AVO response of the principal interfaces can be calculated.
Implementation of this workflow has allowed us to demonstrate the feasibility of using AVO for C O 2 sequestration under ideal and hypothetical conditions. Our results suggest that under optimum conditions it is possible to obtain sensitive measures of the volumetric content and spatial distribution of C O 2 /water mixtures in the subsurface. However, before applying these methods to complex real-world problems we have chosen to perform a global sensitivity analysis of the workflow in light of the the large uncertainties in the model description to be expected in a real application.
A Global Sensitivity Analysis
Global Sensitivity Analysis is the study of how the output of a model (numerical or otherwise) depends upon the information fed into it, upon its structure and upon the assumptions made to build it. According to experience [Saltelli et al., 2004a; Saltelli, 2004b; Saltelli et al., 2008] , uncertainty of complex models is often overwhelmingly influenced by only a few of the possible model inputs, with the remainder making only a negligible contribution. In this case, once the important key data have been carefully chosen, adding data of the less important variety at best only add to the completeness and defensibility of the result.
The global sensitivity analysis requires repeated simulations of the AVO response. The results of each simulation must be distilled to a simple index of "sensitivity." The multiple simulations proceed in a Monte Carlo fashion, where the input parameters for the model are sampled from appropriate statistical distributions. Once a sufficient number of runs have been accumulated, then analysis of the results begins by cross-plotting the sensitivity against each input parameter. Correlations appearing in these plots indicate the relative importance of one input parameter over another in defining the problem outcome.
Reservoir Models The simulations require, first and foremost, a reservoir model. Once a reservoir geometry has been defined, then the elements of the reservoir must be populated with rock properties defining both the initial state of the seismic velocity structure (elasticity) and also define the capillary pressure, permeability, and fluid storage capacity which allow the simulation of C O 2 flooding and calculation of changes in the velocities.
In this study the reservoir models were ideal 3-D heterogeneous and anisotropic random fields. For simplicity, each realization of the reservoir was subdivided into 5 distinct rock types by comparing the continuous random variable to a set of thresholds with equal volume.
The model inputs varied were: (1) the P and S velocities of the dry rock (V P , V S ), (2) the rock density and porosity ( r , f ), (3) the average bulk modulus of the rock minerals (K m ), (4) the fluid permeability (k), and the Thomeer capillary pressure parameter (F g ). The rock properties used in the reservoir models were extracted from a laboratory database from a single Middle Eastern oil reservoir covering a wide range of depths and a mixture of limestones, dolomites, and undifferentiated carbonates. These properties contain the commonly-observed internal correlations among velocities, density and porosity (e.g., Mavko et al. [2003] ).
Saturation and Simulation The saturation of the reservoir and simulation of the AVO response follow the methods described by Brown et al. [2007a, b] . Saturation is not done by flooding from a fixed source, but rather in an approximate way using the capillary equilibrium assumption. This means that each volume element in the reservoir has direct access to the sources and sinks of the fluids involved. This reduces the problem to a simple analytical calculation and does not require a multiphase flow simulator. Therefore these results show the coarsest level of behavior of the workflow.
A Working Definition of Sensitivity We presuppose that the AVO parameters A, B, and C will be sensitive to changes in the C O 2 saturation state. Our preliminary work shows that these parameters are most sensitive (show the largest changes) as C O 2 is first injected into a water-saturated reservoir. For this reason we define the sensitivity as follows. The AVO parameter vs. saturation curves were fit by a second-order polynomial. Then the slope of this curve is found at a water saturation of 95% (5% C O 2 ). The sensitivity is then defined from this slope as the percentage change in the AVO parameter from the fully water-saturated state when 10% C O 2 is injected.
Results
Simulations were performed by first generating about 100 different realizations of the reservoir geometry. For each realization a set of 5 rock properties were sampled from the database and used to populate the 5 different facies in the particular reservoir realization. Finally starting from the state of 100% water saturation, each reservoir realization was progressively saturated with C O 2 and at each saturation state, the AVO parameters were computed. Finally, for each saturation curve from each reservoir realization, the sensitivity was computed. Plots were made of the relationship of sensitivity to the mean value of each petrophysical parameter (for example, the average porosity, the average density, the equivalent isotropic velocities, etc) (see Figure 1) .
Two types of sampling were done from the rock properties database. First, sampling was done by keeping all of the intrinsic correlations intact. That is, when a series of properties was desired to fill one of the 5 facies in the reservoir model, each property (e.g. V P , V S , r , ...) was selected for the same sample and therefore were correlated in their natural way. The second type of sampling was where each property needed was chosen at random from the database, irregardless of which particular sample it came from.
As is common in sensitivity analysis, the tightness of the scatter plots around the trend shows the robustness of the sensitivity if each parameter and this allows the parameters to be ranked as to their relative importance. From this we can surmise that from most important to least important in controlling the sensitivity are: S velocity V S , P velocity V P , density r , permeability log 10(k), and porosity f Each of these correlations makes physical sense. Wherever the effect of fluid properties can impart a significant fractional change in an elastic property, it will affect the sensitivity of the AVO measurement. When the matrix velocities are low, the change in velocity by introducing a new fluid will have a larger effect than when the matrix velocities are high. This gives rise to a negative correlation. The same result holds for density. On the other hand when the rock is porous or it can accept fluid more readily, then the higher pore fluid volume will significantly affect the elastic properties. This gives rise to a positive correlation.
To see if one parameter can help or mask the affect of another we performed a second type of sampling from the database, this time where the rock properties were sampled at random, without honoring the intrinsic correlations. Figure 1 shows a comparison of data with intrinsic correlations to data with no correlations. Comparing the results shows that removing the correlations tends to destroy the sensitivity to the various rock properties. There is one notable exception: the sensitivity to the shear velocity observed for the case of intrinsic correlation remains clear after the random sampling, although it is significantly reduced. What this means is that each petrophysical parameter, as it is naturally correlated to all others, helps the sensitivity of the other parameters. Their effects add. The fact that the shear velocity is still important without intrinsic correlations, shows that it is indeed the most important rock property in this model with regard to affecting the sensitivity of AVO to C O 2 saturation.
Conclusions
In summary we make the following observations. Petrophysical parameters act together such that the most sensitive reservoir rocks have: (1) low Vp, Vs, (2) low density, (3) high porosity, and (4) high permeability. The most important data are (in approximate order): S velocity, P velocity, density, porosity, and permeability. The most sensitive case is for high temperature and low pressure, that is where C O 2 is a gas.
This sensitivity analysis underscores the importance of careful characterization of the reservoir, both in the definition of its geometry and geostatistics and also in the measurement of the rock properties. We found that defining and using the intrinsic correlations among petrophysical properties is essential to evaluating whether a particular reservoir is amenable (sensitive) to this AVO characterization method. Only through careful characterization can we expect quantitative interpretations.
